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Abstract 
Title:  
A quantitative technique to evaluate Reciprocal Inhibition in the hamstring 
muscles and using it to assess physiological changes of the neuro-muscular 
system produced by a short term high Intensity Plyometric Training Program 
in Adult Untrained Population. 
Aim:  
To develop a quantitative physiological method to measure components of the 
reciprocal inhibition and the use this method to assess physiological changes in 
muscles produced by a short term plyometric training program. 
Objectives: 
1. To develop and standardize a quantitative physiological method to measure 
reciprocal inhibition by mechanically stretching the muscle (flexion stretch) 
2. To assess intensity and latency of reciprocal inhibition using surface EMG 
before and after 12 episodes of plyometric training. 
3. To assess muscle strength, agility and time taken for a 30 meter sprint 
before and after 12 episodes of plyometric training. 
4. To compare the changes produced by plyometric training with that 
produced by ordinary Standardized Aerobic Exercise Protocol in controls. 
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Design and setting:  
Randomized controlled trial design with all testing and development of equipment 
done in the Clinical Physiology laboratory, Department of Physiology, Christian 
Medical College Vellore, and Department of Bioengineering, Christian medical 
College Vellore. 
Subjects: 
 Naïve (untrained) college students randomized into control group and intervention 
group. 
Measurements:  
1. Intensity and latency of reciprocal inhibition measured using rectified EMG 
from the hamstrings. 
2. Maximum voluntary force during flexion and extension of the knee joint 
with a force transducer. 
3. Agility was measured using the T test and the Illinois test for agility 
4. Time taken for a 30 meter sprint was measured as an indicator of speed. 
Outcomes of the Randomised controlled trial:  
Primary outcome: Changes in Reciprocal inhibition 
Secondary outcome: Changes in muscle strength, agility and speed. 
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Results:  
With this setup we could reliably elicit and record both the myotactic reflex and 
reciprocal inhibition. No statistically significance difference was seen in the 
change in Maximum voluntary force, agility, speed or latencies or amplitudes of 
reciprocal inhibition in the hamstring muscles, between the intervention and 
control groups after the 12 episodes of intervention/ control exercises. 
Conclusion 
This is an accurate method to quantitatively study the myotactic reflex and 
reciprocal inhibition using physiological amounts of stretch. This setup can be used 
for a comprehensive study of various parameters of the spinal arc under 
physiological conditions. The Randomised controlled trial need to be continued to 
sample size to be able to comment on the effect of plyometrics on reciprocal 
inhibition. 
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Introduction  
The Myotactic reflex or stretch reflex is one of the most commonly used tests as 
part of the examination of the nervous system. Reciprocal inhibition occurs in 
response to the same stimulus in a similar time frame. These reflexes are usually 
assessed qualitatively by visual observation of the response to a muscle stretch by 
a mechanical tap over various deep tendons. These reflexes have been studied in 
great detail as they are simple non-invasive methods to understand the functioning 
and physiology of the peripheral nervous system.  However, being a simple visual 
observation it lacks quantitative measurement. We have developed a quantitative 
physiological method to assess the stretch reflex of the quadriceps muscle and 
reciprocal inhibition in the hamstrings at the knee with quantitative measurement 
of the muscle electrical responses. We have used this method to understand the 
changes that occur in the neuro muscular system following a short term high 
intensity training program. 
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Aims  
To develop a quantitative method to measure components of reciprocal inhibition 
then use this method to assess physiological changes produced in muscles with a 
short term plyometric exercise training program. 
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Objectives  
The objectives of this study were 
1. To develop and standardise a method for quantitative reflex testing of lower 
limb muscles by mechanically stretching the muscle which we will be 
referring to as Mechanical Flexion Stretch. 
2. To assess intensity and latency of reciprocal inhibition using surface EMG 
before and after 12 episodes of plyometric exercise training. 
3. To assess muscle strength, agility and time taken for a 30 meter sprint 
before and after 12 episodes of plyometric training. 
4. To compare the changes produced by plyometric exercise training program 
with that produced by ordinary Standardized Aerobic Exercise Protocol in 
controls.  
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Review of literature 
A complex motor activity is the net result of a number of cortical and spinal 
excitatory and inhibitory signals that reach the alpha motor neurons in the anterior 
horn of the spinal cord. All motor activity consists of coordinated contractions of 
both the agonists and the antagonists, these involve inputs from the cortex that are 
modulated by spinal neuronal pathways and inhibitory cells such as Renshaw cells. 
The most well studied spinal pathway is the stretch reflex or the myotactic reflex 
and associated reflexes such as reciprocal inhibition. Sir Charles Sherrington was 
one of the first to describe the role of sensory input in the regulation of movement. 
In 1906 he proposed that simple reflexes are the basic units of movement and that 
complex movements are achieved by combining many simple reflexes(1). Since 
then much work has been done on spinal reflexes. 
Components of the Myotactic reflex and Reciprocal Inhibition: 
Muscle spindle:(1) 
Changes in length of the muscle (stretch) is sensed by specialized muscle fibers 
called the muscle spindle.  The muscle spindle is a modified muscle fiber that is 
arranged in parallel with the extrafusal muscle fibers and experiences the same 
change in length during movement. The muscle spindle is made up of three 
components. They are 
1. Intrafusal fibers  
2. Afferent sensory endings 
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3. Efferent Sensory endings 
1. Intrafusal fibers: 
They are specialised muscle fibres that have a non-contractile central area with 
contractile ends. There are three types of intrafusal fibres. They are 
 Dynamic nuclear bag fibres 
 Static nuclear bag fibres 
 Nuclear chain fibres 
2. Afferent sensory endings: 
A single Ia sensory fibre innervates all three types of fibres, (the primary sensory 
ending). In addition a type II sensory fibre innervates the nuclear chain fibres and 
static bag fibres called the secondary sensory ending. 
3. Efferent Sensory endings: 
There are two types of motor efferent sensory endings namely the dynamic gamma 
motor neuron that innervate the dynamic bag fibres and the static gamma motor 
neuron fibres that innervate various components of chain and static fibres  
The muscle spindle response depends on length of the muscle at a particular point 
in time (static components) as well as the velocity or rate of change of length 
(dynamic component). Therefore the muscle spindle is sensitive to changes in  
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Figure 1.1:Muscle with bone showing position of muscle spindle 
1.2: Magnified view of the muscle spindle b – primary Sensory Afferents (Ia); c – Secondary 
sensory Afferents (II); d -  Gamma motor neuron; e – Alpha motor neuron; f – Extrafusal 
fibers; g – Nuclear chain fibers;    f – Nuclear bag fibers; i – Annulospiral endings; j – Flower 
spray endings 
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length i.e. stretch and also to rate of change of stretch i.e. velocity of stretch. This 
information is transmitted to the spinal cord by the Ia afferents.  
Ia Afferent Fibers: 
The Ia afferent fibers are fast conducting fibers that have a diameter of 12-20 µm 
and a conduction velocity of 70-120 m/s(2). They enter the dorsal root after passing 
through the dorsal root ganglion and have a number of branches and synapses. An 
Ia afferent has a direct synapse with the alpha motor neuron of the same muscle 
that is stretched. 
Synapse: 
There is a direct synapse of the Ia afferents with the Alpha motor neuron of the 
same muscle. This makes the myotactic reflex a monosynaptic reflex. On the other 
hand a branch of the Ia afferents synapses with the alpha motor neuron of the 
antagonist through an inhibitory interneuron making reciprocal inhibition a di-
synaptic reflex. 
Alpha motor neuron (Efferent Fibers): 
 The Ia afferent has a direct synapse with the alpha motor neuron of the agonist 
(muscle that is stretched). The alpha motor neuron is the motor neuron that 
synapses with the muscle in the neuromuscular junction. 
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The Myotactic reflex and reciprocal inhibition 
 When the agonist is stretched, the stretch is sensed by the muscle spindle. The 
muscle spindle sends the information through the Ia afferents and stimulates the 
alpha motor neuron causing excitation of the same muscle. There is another branch 
of the Ia afferents that synapses through an inhibitory interneuron with the alpha 
motor neuron of the antagonist causing its relaxation. The autogenic excitation 
(excitation of the muscle that has been stretched) is called the myotactic reflex and 
the heteronymous relaxation (relaxation of the antagonist muscle) is called 
reciprocal inhibition. This relaxation happens at the same time as the agonist is 
contracting (3,4,5). 
All movements around a joint are the summation of contraction –co-contraction – 
relaxation sequences of the muscles acting around the joint. The smoothness of 
these movements are dependent on all the various excitatory and inhibitory inputs 
that are given to the alpha motor neurons of both the agonist group as well as the 
antagonist group. The net effect of these inputs results in the net movement that is 
smooth and controlled. 
  Co-contraction / co-activation is an excitatory pathway originating from the 
cortex. Co-contraction along with reciprocal inhibition play important roles in 
bringing about smooth and controlled complex motor activity(1).  Co-contraction 
has been shown to be of great value in stabilizing the knee joint and preventing 
ligament injuries at the knee.(6) 
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Figure 2: Stretch reflex and reciprocal inhibition. a – inhibitory 
interneuron ;b – alpha motor neuron of agonist; c – I a afferents; 
d – agonist (quadriceps);e – muscle spindle;      
f – Antagonist(Hamstrings); g – alpha motor neuron of antagonist 
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Reciprocal inhibition not only ensures coordination in a complex movement but it 
also protects against muscle injury.  Inadequate reciprocal inhibition is known to 
been to be one of the contributing factors in spasticity as well as in injuries (7–9). 
In the light of this, multiple studies have been done looking at various modalities 
of training in the hope of improving the quality of spinal cord responses. 
Neuronal adaptation of the brain is well known and so is its capability for learning 
and memory. There have been studies that demonstrate similar adaptability and 
memory even in simple spinal circuits such as the stretch reflex.(10–15). 
Improvements in spinal reflexes could be instrumental in improving performance, 
preventing injuries and especially in patients with spinal / peripheral nervous 
injuries. 
Adaptation of the stretch reflex has been postulated to be via changes in the Ia 
inhibitory interneurons(10,16) and has been shown to occur even with simple 
exercises(14). Exercise protocols that improve reciprocal inhibition will be 
beneficial in preventing injury in professional, amateur and recreational athletes, 
aid rehabilitation post injury/ surgery and in the rehabilitation  of patients  with 
spasticity etc (13,15,17–22). 
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Method for recording the stretch reflex and Reciprocal inhibition: 
Tendon Tap: 
The Stretch reflex is most commonly elicited by a tendon tap over the tendon of 
the muscle in which the stretch reflex is to be elicited. The tap creates a local stretch 
of the tendon that in turn stretches the muscle spindle in the muscle. There is 
contradictory evidence if the velocities of stretch achieved by this method are truly 
reflective of physiological stretches (23–25). 
Electrical Stimulation: 
Measurement of the stretch reflex and reciprocal inhibition has been done in 
multiple studies using various protocols for preferential electrical stimulation of 
the Ia afferents and recording the resultant excitation / relaxation in the 
agonist/antagonist respectively using Electro-myographic techniques. This is 
called the H reflex and is analogous to the stretch reflex. This method has been 
extensively used to study monosynaptic reflexes at the spinal cord as it involves 
direct retrograde stimulation of the nerve eliminating the sensor. This method is a 
very accurate and reliable method as all the parameters are quantified, i.e. the 
amplitude, pulse width, frequency of stimulus are given exactly based on what the 
investigator sets on the stimulator. However the drawbacks of this method are 
numerous.  
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Drawbacks of electrical stimulation: 
 It does not take into account the behaviour of the sensor i.e. the muscle 
spindle in the case of the stretch reflex. Therefore it is a very good tool to 
study the behaviour of the monosynaptic stretch reflex at the level of the 
spinal cord but does not give much information about the muscle spindle 
and its behaviour. 
 Stimulation of a compound nerve (nerve that has both sensory and motor 
components) will stimulate the sensory fibres retrograde and as well as 
anterograde motor stimulation. The direct stimulation of the muscle will 
cause the M wave and an accompanying antidromic wave which will 
annihilate the the H wave in the same fibres. Therefore the amplitude of H 
wave and M wave are complementary and impose a limitation on the study 
of the pure H-wave. 
 Electrical stimulation causes a stimulation artefact and if this artefact is long 
in duration then it can mask the desired H wave. 
We proposed to design and standardise a method for mechanical stimulation of 
the stretch reflex at the knee joint so as to be able to understand the behaviour 
of the stretch reflex and reciprocal inhibition in as physiological a setting as 
possible while quantifying the length and velocity of stretch. There are a few 
studies that have used a mechanical stretch or alternating movement to 
stimulate spinal reflexes(26–30). These have shown that stimulation of the 
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stretch reflex by mechanical stretch is a feasible method to study spinal reflexes 
under more realistic physiological conditions. 
Plyometric training: 
Plyometric exercises comprise of rapid stretching/lengthening of a contracting 
muscle (eccentric contraction) immediately followed by a concentric contraction 
or shortening contraction of the same muscle and elastic recoil of its connective 
tissue(5). Plyometrics exploit the inherent stretch-recoil properties of skeletal 
muscles and the ability of the muscle to control this stretch-recoil via the stretch 
or myotactic reflex. The eccentric contraction produces a stretch reflex and elastic 
recoil within the muscle and the vigorous concentric contraction that follows 
increases the force that overloads the muscle thereby facilitating increases in 
strength and power (5). This form of exercise training has been documented to be 
of value in protecting against ligament and muscular injuries  increasing muscle 
strength, agility and muscle power(5,6,17,22,31–36).  Our study aimed to 
investigate the physiological effects of a short term high intensity plyometric 
training program that might contribute to the protective and therapeutic effect of 
plyometric training.  
Theories of the physiology of plyometrics: 
There are two well accepted theories of the physiology of plyometrics. They are 
1. Mechanical model 
2. Neurophysiological model 
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Mechanical model: 
The mechanical model works on the principle that elastic energy in the musculo-
tendinous components is increased by the eccentric contraction , stored and can be 
utilised if followed by a concentric contraction, thereby increasing the energy of 
the concentric contraction(37,38). The stored elastic energy can contribute to the 
concentric contraction making it much more powerful. The elastic energy can only 
be stored briefly and if not utilised will dissipate and be lost as heat. 
Neurophysiological model: 
The neurophysiological model postulates that the eccentric component causes a 
stretch of the muscle that causes the muscle spindle to fire resulting in a stretch 
reflex. This stretch reflex potentiates the following concentric contraction of the 
agonist muscle resulting in greater force generation in the agonist (39–41). 
The muscle spindle is the receptor both for the stretch reflex as well as reciprocal 
inhibition. We postulated that the beneficial effect of Plyometrics is due to the 
training effect of the exercise on the reflexes mediated through the muscle spindle. 
Eccentric muscle contraction produced by a Plyometric routine will stimulate the 
muscle spindle of the stretched muscle resulting in the simultaneous activation of 
the stretch reflex and the reciprocal inhibition. We hypothesized that Plyometric 
training will improve the spinal circuits of reciprocal inhibition resulting in a 
shorter latency and a greater intensity of reciprocal inhibition which will be 
beneficial in preventing muscle tears and injuries.  
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 There is a paucity of scientifically planned and executed prospective studies on 
plyometrics and more specifically in the entire field of exercise physiology from 
India. There is also a void in the knowledge base regarding the physiology and 
physiological changes that occur with plyometric exercises. This study is aimed at 
filling this gap in knowledge.  
In the study we compared the changes that occur in various neurophysiological 
parameters after a short-term high intensity plyometric program with the changes 
that occur after a control exercise program.  We hoped to throw light on the basic 
physiology involved in the beneficial effects of plyometrics, its effect on reciprocal 
inhibition and the potential for its use in prevention and therapy of injuries; 
specifically sports related injuries as well as in various other neuromuscular 
disorders (6,13,28,41–49). 
The parameters of reciprocal inhibition assessed were measured using surface 
Electromyography. The SENIAM project (Surface Electromyography for the Non-
Invasive Assessment of Muscles) describes the placement of EMG surface 
electrodes on individual muscles all over the body (51). We used these guidelines 
for placement of surface EMG electrodes over the Hamstrings and Quadriceps 
groups of muscles. The muscle strength of the same group of muscles was also 
tested.  
Reciprocal inhibition on EMG is seen as a drop in electrical activity in a 
contracting muscle. To study reciprocal inhibition we used a pre-contraction in the 
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hamstrings at around 30% of the rectified EMG during a maximum voluntary 
contraction of that muscle.   
Our study investigated the effect of Plyometric training on the latency and intensity 
of reciprocal inhibition in the hamstring group of muscles produced by a stretch of 
the Quadriceps group of muscles. This group of muscles was chosen as they are 
the main muscles acting around the knee joint responsible for stability of the knee 
joint. Injuries of the knee ligaments and tears of the hamstring are very common 
injuries sustained during sport. 
Agility testing: 
Agility is a well-documented parameter to test and monitor progress in training for 
sports and athletics.(52) We chose two standardized tests to test for agility – The 
T test and the Illinois agility test to assess the changes post 
intervention.(52)(31)(53)These tests are described in detail in the methods section. 
Further, the time taken for a 30 meter sprint will be measured as an indicator of 
speed. The results of the study will add to the knowledge base of exercise 
physiology in India, and to the understanding of the physiological effects of 
Plyometric training. The findings may also contribute to the exercise protocols for 
rehabilitation therapy in patients especially after sports related injuries and in 
therapy aimed at reducing spasticity in patients, over and above its application in 
preventing sports related injuries. 
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METHODS 
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Materials and Methods 
Study design: 
The study was designed as a randomized controlled trial with an intervention group 
which received 12 episodes of Plyometric training twice-thrice a week for 4-6 
weeks and a control group which underwent standardized exercise regimen during 
the same time period. Muscle strength, parameters of reciprocal inhibition, agility 
and speed were measured in both groups before and after the intervention. 
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Flow chart: Material and Methods  
Figure 3 : Algorithm of protocol plan 
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Institutional Review Board approval: 
Institutional review board approved the study in December 2013 with IRB no: 
8601 dated 11.12.13.  
The first 7 months after that were spent in the development, testing and 
standardization of recording equipment, setup and protocols. 
CTRI registration: 
Central trial registry of India registration was obtained on 25th January 2014 with 
registration number:  CTRI/2014/01/004347. 
Study population: 
Naïve /Untrained male college students were chosen for the study. We chose naïve 
subjects for this study so as to appreciate even small changes that might occur. All 
eligible male students were screened  for the baseline physical activity using the 
EPIC-Norfolk: the epaq2 questionnaire (54). The questionnaire was modified to 
be a recall of the physical activity in the three months prior to the date of 
recruitment. It has a series of questions that quantifies the physical activity into 
amount of hours per week. Only subjects who were not involved in any regular 
physical activity were recruited. This was defined as any physical activity more 
that thrice a week for 2 weeks. Thus, subjects who were taking part in sports or 
who were playing games like tennis for more than 3 times a week, since past 2 
weeks or more, were excluded from the study.  More emphasis was given to lower 
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limb physical activity such as running, lower limb weights etc as this was the group 
of muscles that we were intending to study. 
The Recruitment was continued but interventions were started only once Group of 
at least 10 subjects in each arm was attained so as to make the intervention time 
efficient.  
Inclusion Criteria:  
i. Male individuals not currently involved in active sports or any other form of 
regular exercise such as yoga, for more than 3 times a week, for the past 3 
months.  
ii. Participants should be in the age group of 18 – 40 years.  
Exclusion Criteria: 
i. Lower limb or back injury in the past 6 months  
ii. Any known systemic comorbidity  
iii. Cardiac pace maker 
iv. Anyone taking part in regular physical activity (sports/games/exercise) for more 
than 3 times a week, since past 2 weeks or more. 
Setting of study: 
All bioelectric recordings were done in the Clinical Physiology laboratory in the 
Department of Physiology. Field testing and administration of exercises were done 
in the Men’s hostel grounds of Christian Medical College, Vellore. 
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Sample size: 
Sample size was calculated to be 30 in the intervention group and 30 in the control 
group giving a total of 60. The Primary outcome of our study was the change in 
intensity of reciprocal inhibition. From the results of a previous publication 
(Modulation of reciprocal inhibition between ankle extensors and flexors during 
walking in man. Nicolas Petersen, Hiroshi Morita and Jens Nielsen(27)),  the 
mean and standard deviation of percentage depression of Surface EMG of leg 
muscles due to reciprocal inhibition was calculated and found to be 44.13% and 
12.04% respectively. Choosing a mean difference of 10 – 15% to be clinically 
significant, standard deviation of 12 and applying the ‘Two Means Hypothesis 
testing for two means’, the sample size was calculated as given in the table below.  
 
Two Means - Hypothesis testing for two means     
Standard deviation in group  I 12 12 12  
Standard deviation in group  II 12 12 12  
Mean difference 10 10 15  
Effect size 0.833333 0.833333 1.25  
Alpha error (%) 5 5 5  
Power (1- beta) % 80 90 90  
1 or 2 sided 2 2 2  
Required sample size per group 23 30 13  
        
As per the above table the sample size can range from 13 – 30 subjects per arm. 
We proposed to study 30 subjects in each arm as calculated with 5% alpha error, 
90% power and a mean difference of 10 units. 
For this thesis an interim analysis was done and data from 8 in the interventional 
group and 10 in the control group are presented. 
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Development and Standardisation of equipment: 
Equipment needed for the study had to be custom made to collect data to satisfy 
the objectives of the study. 
 Equipment Parameter recorded Details  
1 Ankle foot Orthosis - 
For attachment to 
force transducer 
and flexion stretch 
setup 
2. Force transducer MVC - force 
Maximum 
voluntary 
contraction force 
of the hamstrings 
and quadriceps 
3. Tendon hammer 
Point of contact – 
accelerometer data 
To mark the point 
of contact of the 
knee hammer with 
the patellar tendon 
4.  
Software controlled 
Electromagnet 
- 
Toggles off to 
release weight 
that pulls the leg 
into flexion 
5. Goniometer 
Angle changes at the 
knee 
Potentiometer 
based - Records 
changes in angle 
as changes in 
voltage 
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Ankle Foot orthosis: 
The right lower limb was fixed in an Ankle Foot Orthosis (AFO) that was 
customised with Velcro straps and padding. A magnetisable plate was attached to 
the anterior part of the AFO. This plate couples with the electro magnet attached 
on a hinged arm on the wall in front of the setup. The posterior part of the AFO at 
the heel was fitted with a bolt to attach with the load cell for maximum voluntary 
force recoding. The heel also has the hook for attachment of the cable onto which 
the weights for the Flexion stretch experiment are attached.  The AFO is then fitted 
Figure 4: ANKLE FOOT ORTHOSIS (AFO) 
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onto the subject’s leg at the beginning of the laboratory testing and is used for all 
experiments. 
Force transducer: 
The force transducer is made using a Load cell that was purchased from Haris 
sensors and has a maximum load of up to 120kg. One side of the load cell was 
clipped to the leg of the recording table (Figure 5:(b)) so that its height can be 
increased and decreased to account for varying tibial lengths. The setup works on 
a cantilever design that when pushed gives a positive deflection (flexion at the 
Knee) and when pulled gave a negative deflection (extension at the knee).  
Figure 5: Maximum Voluntary force Setup; (a)- load cell,(b) recording 
table 
(a) 
(b) 
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Tendon hammer: 
We instrumented a regular tomahawk knee hammer with an accelerometer 
embedded in the rubber head of the hammer. The accelerometer was oriented in 
the axis of the strike and the signals from it were acquired and digitised by the data 
Figure 7: Tomahawk tendon hammer instrumented with an accelerometer. 
Figure 6: Load cell recording showing flexion (f) and extension (f). 
(f) (e) 
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acquisition system (CMCdaq©). Therefore we were able to interpret a forward 
swing and a backward swing. When the tendon hammer strikes the tendon, the 
point of contact of the knee hammer with the tendon is observed as a point of 
sudden deceleration going off scale as seen in Figure 8 . 
Figure 8: Tendon tap Point of contact(POC) a: back swing; b: forward swing c: POC 
Software controlled Electromagnet: 
A common door lock electromagnet was mounted on a flexible arm that was fixed 
onto the wall. It customised an electromagnet to be controlled from the data 
acquisition software (CMCdaq software) as a toggle on/ off. The electromagnet 
coupled with the plate on the AFO, allowing the knee to be fixed in various degrees 
of extension without contraction of the muscles. The hook at the back of the AFO 
is connected to a cable that runs over a series of pulleys and ends with the known 
weight attached. 
When the electromagnet is demagnetised the weights will fall with gravity pulling 
the leg into a quick flexion that causes a rapid stretch of the quadriceps muscle.  
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Goniometer 
A potentiometer based goniometer was constructed using a 10kΩ rotary multi turn 
potentiometer. It is fitted at the hinge of two aluminium plates such that when the 
angle between the plates changes the potentiometer causes a change in resistance. 
This potentiometer is one side of a Wheatstone’s bridge setup so it can be zeroed 
using another similar potentiometer on the other side of the bridge. The aluminium 
plates have Velcro straps so that they can be strapped on to the thigh and leg with 
the potentiometer roughly centred around the knee’s axis of flexion to measure the 
changes in knee angles as changes in voltages.  
Figure 9: Goniometer 
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EMG electrodes:  
Bipolar EMG electrodes were constructed with Silver disks with an inter disc 
spacing of   3cm. The preamplifier has a band pass of 15-400 Hz. 
Data acquisition system (CMCdaq©) 
 The CMCdaq© is an 8 channel 12 bit data acquisition device that has been 
developed and validated by the Bioengineering department of CMC, Vellore. It 
has been used in multiple studies that have resulted in publications. All presented 
data for this study have been measured on CMCdaq©. All the screen shots have 
been taken from the CMCdaq© playback software. 
 
 
Figure 10: CMCdaq© 
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Muscles: 
The muscle groups that we have chosen to study are the quadriceps and hamstrings 
that are located in the thigh. The act around the knee joint primarily with minor 
actions around the thigh. The quadriceps consist of 4 muscle i.e Rectus Femoris, 
Vasus lateralis, Vastus Medialis and Vastus intermedius. For this study we have 
chosen to record from the rectus Femoris and vastus Medialis as these muscles are 
superficial and big. The antagonists of the quadriceps are the hamstrings and they 
consist of three muscles namely Biceps Femoris, Semitendinosus, and 
Semimembranosus. We recorded reciprocal inhibition from the Biceps Femoris 
and Semitendinosus. 
Standardisation of equipment and methods: 
All the equipment and devices for testing were devised, constructed, tested and 
standardised in the Departments of Bioengineering and Physiology. A pilot study 
Figure 11: CMCdaq© 
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was conducted with varying amounts of pre-contraction and 30% of pre-
contraction was decided as the optimum amount for recording of reciprocal 
inhibition. 
Setup to quantitatively stretch the quadriceps muscle to elicit 
and quantify the stretch reflex and reciprocal inhibition 
(MECHANICAL FLEXION STRETCH SETUP): 
We have designed and validated a setup to produce a mechanical stretch of the 
quadriceps muscle, to elicit the myotactic reflex in the quadriceps muscle and 
simultaneously produce reciprocal inhibition in the hamstring group of muscles. 
The myoelectric potentials generated as part of the stretch reflex and reciprocal 
inhibition are recorded with surface EMG.  
The subject is seated comfortably on a metal table that has been custom made to 
be shake proof. The table is instrumented with a pulley system over which a cable 
with a 10-15 kg weight is hung Figure 14. The other end of the cable is connected 
to the hook at the back of the ankle foot orthosis. The setup is arranged such that 
when the subject is seated comfortably on the table with the knee at 90° of flexion, 
the weight is just touching the ground i.e.  not exerting any force on the subjects 
leg. The goniometer is zeroed at this position. The leg is then extended to an angle 
of 12 to 25° of extension that is read off the goniometer and the plate on the front 
of the ankle foot orthosis is coupled with the electromagnet that is controlled from 
the recording software (CMCdaq©). In this position the weight connected on to 
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the hook on the back of the Ankle –foot –orthosis is off the ground but will not be 
exerting any force onto the leg as the electromagnet hold the leg and the load 
attached to it. 
  
ba
c
Figure 13: Flexion stretch setup: a-electromagnet, b-electromagnet plate, c- 
goniometer, d- AFO, e- weights 
Figure 12: Flexion stretch setup: a-cable, b-weights, c- USB cable 
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(a) 
(c) 
(b) 
Figure 14; Flexion Stretch Setup: Weight-Pulley-Cable setup 
 (a)-weights, (b)-cable, (c)- Pulley 
Figure 15: Flexion Stretch setup schematic 
a
b 
d 
c
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When the subject is comfortable, the electromagnet can be toggled off from the 
software. This releases the leg and allows the weight to fall with gravity pulling 
the leg into a quick flexion. This flexion causes a rapid stretch of the Quadriceps, 
stretching its muscle spindles to initiate the myotactic reflex in the quadriceps and 
reciprocal inhibition in the hamstrings. Acceleration of the weight and the leg will 
be a constant i.e. acceleration due to gravity (g). The leg will continue to flex till 
it reaches 90° of flexion when it is cushioned to a stop. Once the leg reaches 90° 
of flexion the weight will come to rest on the ground and therefore will not exert 
any more force on the leg. The arrangement of the electromagnet allows the initial 
angle of extension to be varied. By varying the initial extension of the leg, the 
magnitude of stretch of the quadriceps can be increased or decreased. EMG is 
recorded from the quadriceps and hamstrings using the electrode placement in  and 
recording protocol in Table 2.  
Recording the Myotactic Reflex: 
Figure 16  shows the recording of the stretch reflex of the quadriceps with the 
flexion stretch setup. 10 episodes have been ensemble averaged. Rectus Femoris 
and Vastus Medialis are shown as (a) and (b) respectively. 
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(a) 
(b) 
Figure 16: (Ensembled averaged, rectified data) Flexion stretch with no 
precontraction showing stetch reflex in the quadriceps:  Rectus Femoris 
and Vastus medialis. 
a - stretch reflex on Rectus femoris; b – stretch reflex on Vastus medialis 
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Recording Reciprocal inhibition: 
A relaxation / inhibition of a muscle can only be recorded as a drop in existing 
electrical activity of the muscle on EMG. Therefore once the subjects leg is 
coupled with the electromagnet, the subject was advised to perform a contraction 
of the hamstrings (Flexion of the knee) to be steady at 30 percent of the MVC’s 
rectified EMG of the Biceps Femoris (30% Pre Post Contraction). He was given 
visual feedback on a monitor and encouragement to make sure he maintains the 
Figure 17: (Ensembled averaged, rectified data) Flexion stretch showing 
reciprocal inhibition in the hamstrings:  Biceps Femoris (bifem) and 
Semitendinosis(semten). 
a - stretch reflex; b – Reciprocal Inhibition on Biceps Femoris(hamstrings);                    
c – Reciprocal Inhibition on Semi-tendinosis(hamstrings); d – pre cntraction 
of Hamstrings at 30% of MVC’s rectified EMG   
[1-RECTUS FEMORIS, 2- VASTUSMEDIALIS, 3- BICEPS FEMORIS,             
4- SEMITENDINOSIS.] 
a 
b 
d d 
c 
1. 2. 
3. 4. 
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same. Maintaining this contraction exactly at 30% was found to be difficult so a 
range of +/- 10% was taken as acceptable. When this window of contraction was 
achieved, the electromagnet is toggled off. 
Figure 17 is a representative data after filtering and processing. Channel 1 & 2 are 
the Quadriceps i.e. Rectus Femoris and Vastus Medialis respectively and channel 
3 & 4 are the Hamstrings i.e. Biceps Femoris and Semitendinosus respectively. 
All 4 channels 25 events were ensemble and averaged, and low pass filtered at 60 
Hz. The Rectus Femoris (quadriceps) showed the stretch reflex Compound motor 
action potential marked as (a). Channels 3 and 4 (hamstrings) show the reciprocal 
inhibition marked as (c) and (d) respectively. 
Since the muscle is being stretched from rest, it is uncertain at what point in time 
the spindle reaches threshold for activation of the Ia afferents. Therefore an 
absolute latency of the stretch reflex is difficult to ascertain. Hence latencies for 
this study have been taken with the point of release of the leg from the 
electromagnet as the stimulus point. 
Testing 
These were tests performed in the clinical physiology laboratory. A series of 
experiments were performed to look at various aspects of the stretch reflex and 
reciprocal inhibition in the hamstrings right lower limb of each subject. All tests 
were done pre and post invention for both the intervention group and the control 
group. 
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Recording Setup: 
The recording setup was the same for the entire series of experiments. The subject 
was seated comfortably on the metal table with his lower limbs hanging 
comfortably over the side of the table. The ankle foot orthosis was securely fitted 
to the right leg of the subject with adequate padding.  
EMG electrodes:  
The skin over the quadriceps and hamstrings were abraded using 400 grit emery 
paper to remove all dead cells followed by cleaning with alcohol to remove debris 
and lipids from the skin. The custom built surface Electro-myograph electrodes 
were placed over the Rectus Femoris and Vastus Medialis (quadriceps)  and Biceps 
Femoris and Semitendinosus (Hamstrings)  muscles as shown below using the 
SENIAM guidelines (Table 1)(55).  The electrodes were secured in place using 
adhesive surgical tape. Chloride based EMG gel was used to improve contact and 
conductivity.  
 A custom built goniometer was attached to the lateral aspect of the right knee 
approximately centred around the axis of flexion of the knee. 
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Table 1: SENIAM guidelines for surface EMG placement 
Muscle 
group 
Muscle 
Electrode 
position 
Orientation 
of electrode 
Ground 
Electrod
e 
Channel 
 
Quadriceps 
Rectus 
femoris 
Midpoint 
of the line 
from the 
anterior 
superior 
iliac spine 
to the 
superior 
part of the 
patella 
Along the 
long axis of 
the fibers of 
the muscle 
C7 
1 
 
 
 
 
 
 
 
Vastus 
medialis 
80% on the 
line 
between 
the anterior 
superior 
iliac spine 
and the 
joint space 
in front of 
the anterior 
border of 
the medial 
ligament 
Almost 
perpendicula
r to the line 
between the 
anterior 
spina iliaca 
superior and 
the joint 
space in 
front of the 
anterior 
border of the 
medial 
ligament 
C7 
2 
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Muscle 
group 
Muscle 
Electrode 
position 
Orientation 
of electrode 
Ground 
Electrod
e 
Channel 
 
Hamstrings 
Biceps 
femoris 
Midpoint 
of the line 
between 
the ischial 
tuberosity 
and the 
lateral 
epicondyle 
of the tibia. 
In the 
direction of 
the line 
between the 
ischial 
tuberosity 
and the 
lateral 
epicondyle 
of the tibia. 
C7 
3 
 
 
 
 
 
 
 
 
 
Semi 
tendinos
us 
Midpoint 
of the line 
between 
the ischial 
tuberosity 
and the 
medial 
epicondyle 
of the tibia. 
In the 
direction of 
the line 
between the 
ischial 
tuberosity 
and the 
medial 
epycondyle 
of the tibia 
C7 
4 
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The recording parameters used in the experiments are as follows (Table 2). 
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Figure 18: Study protocol 
RECRUITMENT 
PRE-QUESTIONAIRES 
INFORMED CONSENT 
BASE LINE 
MEASUREMENTS 
HEIGHT 
WEIGHT 
TIBIAL LENGTH 
MID THIGH 
CIRCUMFERENCE 
EXP 1: MAXIMUM VOLUNTARY CONTRACTION 
EXP 2: TENDON TAP 
EXP 3: MECHANICAL FLEXION STRETCH 
LAB TESTS 
Flowchart describing the protocol for the Randomised control Trial 
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LAB TESTS 
FIELD TESTS 
 
1.T-TEST 
2. ILLANOIS TEST 
3.30 METER SPRINT 
RANDOMISATION 
INTERVENTION 12 EPISODES OVER 4-6 WEEKS 
POSTTESTING 
Figure 19: Study protocol (continued). 
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Laboratory tests 
Experiment 1: Maximum Voluntary Contraction (MVC) of the 
Quadriceps and Hamstrings. 
The right lower limb was fixed in the Ankle Foot Orthosis (AFO) and EMG 
electrodes and goniometer were attached as described earlier. The subject was 
seated comfortably on the customised table and the height of the load cell was 
adjusted according to the tibial length so that the bolt on the back of the AFO bolted 
to the load cell with the right knee at 90° of flexion. Once the load cell is firmly 
coupled with the AFO, the subject is instructed to do a maximum contraction of 
the Hamstrings i.e. Flexion of the knee to press against the load cell, he is 
instructed to hold the contraction for 5 seconds. This is followed by a rest period 
of 30 seconds and then the subject is instructed to produce a maximum contraction 
of the quadriceps i.e. an extension of the knee, pulling maximally against the load 
cell. The subject is instructed to use only the thigh muscles. The subject was given 
vocal encouragement to motivate them to maximally contract. Five repetitions of 
maximal flexion and extension of the knee are recorded. A sample recording is 
given in Figure 20. The rectified EMG of the hamstrings is used to quantify the 
level of pre- contraction for the subsequent experiments i.e. for pre contraction of 
the hamstrings for the recording of reciprocal inhibition.  
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Figure 20: Sample recording of Maximum Voluntary Contraction in Hamstrings and 
Quadriceps 
Experiment 2: Patellar Tendon tap for reciprocal inhibition: 
The subject was seated comfortably on the table with his lower limbs hanging over 
the edge of the table. A pre contraction of the hamstrings is required to be able to 
visualise reciprocal inhibition as drop in electrical activity of the EMG. He was 
advised to perform a contraction of the hamstrings (Flexion of the knee) to be 
steady at 30 percent of the rectified EMG of the Biceps Femoris during MVC (30% 
Pre Post Contraction). He was given visual feedback on a monitor and 
encouragement to make sure he maintains the same. Maintaining this contraction 
at exactly 30% was found to be difficult so a range of +/- 10% was taken as 
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acceptable. When this level of contraction of the hamstrings was achieved, a brisk 
patellar tendon tap is done. The subject was instructed to maintain the contraction 
at the same level till he was instructed to relax. 20- 25 tendon taps were performed 
with rest periods in between each tap. The subject was instructed to inform the 
investigator if he felt any fatigue. 
Experiment 3: Mechanical Flexion Stretch of quadriceps for Reciprocal 
inhibition. 
The Subject was seated comfortably on the table and the 15kg weight are 
connected onto the hook on the back of the AFO with the knee at 90°. The cable 
was adjusted such that the weights just touch the platform when the knee is at 90° 
of flexion. The leg was then extended to 10° - 25° of extension and coupled with 
the electromagnet which will hold the leg in this position without any contraction 
of the leg muscles. Therefore the weight does not exert any force on the leg as it is 
held completely by the Electromagnet. 
In this position he was instructed to contract the hamstrings (Flexion of the knee) 
to maintain a contraction equal to 30 +/- 10 % of the rectified EMG of the Biceps 
Femoris during MVC. This contraction is against the electromagnet. He is given 
visual feedback on a monitor and encouragement to make sure he maintains the 
same. Once steady contraction was achieved, the electromagnet is demagnetised. 
The weight will act on the leg causing it to go into a rapid flexion that will stretch 
the quadriceps. Again he is instructed to continue maintain the contraction till he 
is told to relax.  20 repetitions are recorded with adequate rest in between episodes.  
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Field tests: 
 T-Test:   
The T test is a standardised field test for agility described by Paulo et all (2000). 
Three Cones – A, B, C are arranged in a t shape as shown in Figure 21. After a 
good warm up the subject was instructed to do the following. 
1.  From cone A, sprints forward to cone B and touches the base of it with 
his right hand.  
2. Facing forward and not crossing his feet, shuffle left to cone C and touch 
its base with his left hand.  
3. Shuffle 10 meters to cone D and touch its base with his right hand.  
Shuffle back to cone B and touch it with his left hand. Run backward as 
quickly as possible past cone A, the finish. 
4. The test score is the best time of three trials. 
5. All timings were done blinded. 
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Illinois test: 
The Illinois test is another standardised field test where a subject runs along a 
course designed to measure agility. This is done after the T test so a warm up is 
not needed. The cones are arranges as shown in Error! Reference source not 
found.. 
1. The length of the course is 10 meters and the width is 5 meters.  
B C D 
A 
Figure 21: T test for agility 
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2. Four cones are used to mark the start, finish and the two turning points.  
3. Another four cones are placed down the centre an equal distance apart.  
4. Each cone in the centre is spaced 3.3 meters apart.  
5. Subjects should lie on their front (head to the start line) and hands by 
their shoulders. 
6. On the 'Go' command the stopwatch is started, and the athlete gets up 
as quickly as possible and runs around the course in the direction 
indicated, without knocking the cones over, to the finish line, at which 
the timing is stopped. 
7. The best of three trials is taken as the test score. 
8. All timings were blinded. 
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30 meter Sprint: 
A 30 meter section was marked out and the investigator stood at the finish line. 
A standard command and whistle was given, the subject sprinted on hearing 
the whistle and the stopwatch was stopped after he crossed the finish line. The 
best of 3 timings were taken. All timings were blinded. 
Randomisation 
Randomisation was done by a Computed generated permuted block randomization 
method to obtain the random sequence. SAS 9.3.1 was used for randomization 
Figure 22: Illinois test for agility 
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sequence. The allocation bracket was 10. This ensured that there were equal 
subjects in both arms of the study in every 10 subjects recruited. 
Method of allocation concealment: 
 Serially numbered opaque envelops were prepared by the statistician. These 
envelopes were opened one at a time for each subject after the pre-testing and the 
subject was informed what arm of the study they were in. There was no blinding 
in this study. The subjects were informed about which arm of the study they were 
in in only after the pre-testing so as to prevent any bias in the pre-testing. All field 
test timings were measured by an unbiased third party. 
Pre- conditioning: 
After recruitment, pre-testing, and randomisation, both groups together were given 
6 episodes of preconditioning which consisted of the following: 
 5 minutes of aerobic warm up 
 5 minutes of stretching 
  15 minutes of aerobic exercises targeting the lower limb  
Intervention exercises:  
Each session started with 10 minutes of warmup and stretching. We chose a short 
term high intensity plyometric program for our intervention program as described 
by Miller et al(53). This was 12 episode program over 6 weeks which we have 
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modified to be over 4-6 weeks. The intervention program is given in Table 3: 
Protocol for intervention exercises (Plyometric exercises) 
Table 3: Protocol for intervention exercises (Plyometric exercises) 
Training 
session 
Training Volume 
(foot contacts) 
Plyometric 
Drill 
Sets X 
Reps 
Training 
Intensity 
1 - 2 90 Side to side ankle hops 2 X 15 Low 
    Standing jump and reach 2 X 15 Low 
    Front cone hops 5 X 6 Low 
3 - 4 120 Side to side ankle hops 2 X 15 Low 
    Standing long jump 5 X 6 Low 
    Lateral jump over barrier 2 X 15 Medium 
    Double leg hops 5 X 6 Medium 
5 - 6 120 Side to side ankle hops 2 X 12 Low 
    Standing long jump 4 X 6 Low 
    Lateral jump over barrier 2 X 12 Medium 
    Double leg hops 3 X 8 Medium 
    Lateral cone hops 2 X 12 Medium 
7 - 8 140 Diagonal cone hops 4 X 8 Low 
    Standing long jump with lateral sprint 4 X 8 Medium 
    Lateral cone hops 2 X 12 Medium 
    Single leg bounding 4 X 7 High 
    Lateral jump single leg 4 X 6 High 
9 - 10 140 Diagonal cone hops 2 X 7 Low 
    Standing long jump with lateral sprint 4 X 7 Medium 
    Lateral cone hops 4 X 7 Medium 
    Cone hops with 180 degree turn 4 X 7 Medium 
    Single leg bounding 4 X 7 High 
    Lateral jump single leg 2 X 7 High 
11 - 12 120 Diagonal cone hops 2 X 12 Low 
    Hexagon drill 2 X 12 Low 
    Cone hops with change of direction sprint 4 X 6 Medium 
    Double leg hops 3 X 8 Medium 
    Lateral jump single leg 4 X 6 High 
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. 
Control exercises: 
Each session started with 10 minutes of warmup and stretching. The comparator 
exercises chosen were a series of patterned running exercises of similar intensity 
as the plyometric training. These exercises are as follows: 
1. Weave In - Weave Out 
2. Mini Shuttle 
3. Super Shuttle 
4. Slalom 
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1. Weave In - Weave Out 
 
1. 4 markers placed in a straight line approximately 3 yards apart. 
2. In between each set of markers another marker is placed 3 yards to the left.  
3. The subject sprints from one marker to the next bending down to touch each 
one with his hand. 
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2. Mini Shuttle 
 
1. 2 markers were placed 20 yards apart. The marker in the middle placed 3 yards 
to the side.  
2. Starting from the middle marker subject sprints to one end (10 yards), turns 
and immediately sprints to the other end (20 yards) and then back to the start (10 
yards). 
3. Subject turns on a different foot at each marker and touch the ground  
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3. Super Shuttle 
 
1. Set a series of cones out in a cross formation.  
2. Subject runs backwards to the center cone, side steps to the right cone, side 
step back to the centre cone still facing the same way. 
3. At the center cone subject turns and sprints forward to the end cone. Now he 
runs back to the center cone, side steps to the left, side steps back to the center, 
then turns and sprints back to the start.  
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4.Slalom 
1. 10 cones placed in a line 5 yards apart. 
2. Subject weaves in and out as fast as possible and walks back to the start. 
The number of repetitions of these were matched according to the foot contacts in 
the plyometric program. 
Post-intervention testing: 
The same laboratory and field tests as described earlier were performed on the 
subjects within one week of completion of the intervention in both the groups. 
Data processing: 
All EMG channels were high pass filtered at 20 hz as a baseline correction and 
then noise reduction was done on all channels. The data files were extracted from 
the CMCdaq recording software as .txt files. These files were then used for all 
further processing.    
Python codes were written for each experiment as follows. 
Experiment 1: Maximum Voluntary Contraction (MVC) of the Quadriceps 
and Hamstrings: 
1. Text File imported, and the respective channel chosen. 
2. Positive deflections taken as flexion and negative deflections as extension. 
3. Average value of Middle 1 second of contraction was taken  
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4. Average of all flexions and all extensions taken and exported into a 
Microsoft access database. 
Experiment 2: Tendon tap (TT) for reciprocal inhibition: 
1. Text File imported. 
2. Tendon hammer channel chosen and searched for Points of contact (POC) 
of tendon hammer with patellar tendon. 
3. A window of 300 ms on all 4 EMG channels was chosen in relation to the 
point of contact and all events ensembled and averaged. All events that did 
not have a stretch response Action potential on the rectus Femoris were 
rejected. 
4. On the hamstring channels (Biceps Femoris and Semitendinosus) signal 
was rectified and low pass filtered at 60 Hz. 
5. Mean value of EMG amplitude for 200ms before point of contact (POC) 
was taken as average baseline EMG of pre-contracted hamstrings. 
6. A window of 100 ms from the POC was taken and the lowest point of EMG 
amplitude in this window was chosen. The Percentage drop of the EMG 
amplitude at this point from the average base line value is taken as 
magnitude of Reciprocal inhibition (RI). 
7. The time difference between this point and the time point of the POC is 
taken as the Latency of reciprocal inhibition.  
8. All data was entered into Microsoft Access database. 
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Experiment 3: Mechanical Flexion Stretch for Reciprocal inhibition. 
1. Text File imported. 
2. Goniometer channel chosen and searched for Points of release (POR) of 
AFO from Electromagnet. 
3. A window of 300 ms on all 4 EMG channels was chosen in relation to the 
point of release and all events ensembled and averaged. All events that do 
not have a stretch response Action potential on the rectus Femoris were 
rejected. 
4. On the hamstring channels (Biceps Femoris and Semitendinosus) EMG 
signal was rectified and low pass filtered at 60 Hz. 
5. Mean value of EMG amplitude for 200ms before point of release (POR) 
was taken as average baseline EMG of pre-contracted hamstrings. 
6. A window of 100 ms from the POR was taken and the lowest point of EMG 
amplitude in this window was chosen. The Percentage drop of the EMG 
amplitude at this point from the average base line value is taken as 
magnitude of Reciprocal inhibition (RI). 
7. The time difference between this point and the time point of the POR is 
taken as the Latency of reciprocal inhibition.  
8. All data was entered to Microsoft Access database. 
Data Safety Monitoring Board: 
The progress of the study was presented at the Data Safety Monitoring Board of 
Christian Medical College Vellore and was approved for continuation of the same. 
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Statistical analysis: 
Primary outcome:  
Descriptive measures are presented using median with inter quartile range (IQR). 
Changes in Reciprocal inhibition were compared across the groups by obtaining 
the difference in pre and post measurements and applying Mann Whitney U test 
on those differences. The differences were obtained as pre minus post data. 
Intention to Treat (ITT) and per-protocol analysis were done.  
Secondary outcome:  
Baseline differences between the groups was presented using median with IQR. 
Changes in muscle strength, agility and Speed were also compared by comparing 
the differences of pre and post across the groups using Mann Whitney U test. The 
pre and post measurements within groups were also compared using Wilcoxon 
Signed Rank test.  
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RESULTS  
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Results 
An analysis was done on 8 subjects in the intervention group and 10 subjects in 
the control group. The results are presented as follows. All results are presented as 
Mean ± SD with a significance taken as p < 0.05.  
Subjects 
The questionnaires were analysed and those students that fulfilled the inclusion 
criteria were invited to be part of the study. They were explained about the study 
and a video of plyometric exercises were shown to them. If they agreed to be a part 
of the study then informed consent was attained. 101 students were screened of 
which a group of 38 subjects fulfilled the inclusion criteria and consented to the 
study. Of these 20 were taken as the first group consisting of 10 in the intervention 
group and 10 in the control arm. Of these 2 subjects in the intervention group were 
included in the next group as they sustained non study related injuries in the interim 
period between pre-testing and intervention. 
The analysis was done therefore on 8 subjects in the intervention group and 10 in 
the control group. The CONSORT flowchart of the study is given in Figure 23. 
However for a lot of the parameters there were subjects for whom some data had 
to be removed due to problems with the quality of the recording. 
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Figure 23: CONSORT Flowchart of study to date. 
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For the standardisation of the Mechanical Flexion Stretch setup, we did a series of 
experiments to record the stretch reflex as well as reciprocal inhibition with 
varying degrees of pre-contraction of the hamstrings, varied velocities of stretch 
and different lengths of stretch on 15 subjects after the initial proof of concept 
experiments. 
Demographics of subjects: 
The basic demographic data is given Table 4. The Intervention group had 8 
subjects in it with age in years of 18.75 ± 0.7 while the control group had an age 
in years of 19 ± 0 Figure 24. 
Table 4: Demographics of intervention and control group 
  
  
Plyometric group ( n =8) Control group ( n =10)   
Median (IQR) Median (IQR) 
AGE 19 (18,19) 19 (18,20) 
WEIGHT 66.8 (62.2,70.32) 60 (57.92,70.45) 
HEIGHT 172.75 ( 171.125, 181.5) 174 (169.5,175.75) 
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Figure 25: Weight Distribution 
Figure 24: Age distribution 
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The pre testing data for both groups were compared with each other and there were 
no significant differences found between the groups. 
0
50
100
150
200
250
300
Median Median
Plyometric group ( n =8) Control group ( n =10)
HEIGHT DISTRIBUTION (cm)
Figure 26: Height distribution 
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Mechanical Flexion stretch method: 
We were able to use the mechanical flexion stretch setup to reliably record both 
the stretch reflex (Figure 27) as well as reciprocal inhibition (Figure 28). 
(a) 
(b) 
Figure 27: Stretch reflex by flexion stretch method; (a)- Rectus femoris,           
(b)- Vastus medialis 
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The angular displacement of the leg and velocity of stretch could be read of the 
goniometer from which the linear displacement of the leg i.e. the magnitude of 
stretch of the muscle could be calculated as the tibial length was measured .The 
average resting velocity of stretch with 15 Kg was 39.8±12.3 m/sec.  
a 
b 
d d 
c 
1. 2. 
3. 4. 
Figure 28: (Ensembled averaged, rectified data) Flexion stretch showing reciprocal 
inhibition in the hamstrings:  Biceps Femoris (bifem) and Semitendinosus (semten). 
a - stretch reflex; b – Reciprocal Inhibition on Biceps Femoris(hamstrings);                    
c – Reciprocal Inhibition on Semi-tendinosis(hamstrings); d – pre contraction of 
Hamstrings at 30% of MVC’s rectified EMG 
[1-Rectus femoris,2- Vastus Medialis, 3- Biceps Femoris, 4- Semitendinosus.] 
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The average latency of myotactic reflex from point of release of electromagnet was 
46.4±24.50ms. The latency was calculated with the starting point as the point of 
release of the leg from the electromagnet. This may not be the point that the muscle 
spindle actually reaches the threshold of firing to cause a stretch reflex.  
The amplitude of the response depends on the magnitude and velocity of stretch. 
Pre post intervention results:  
The intergroup comparison of the differences in parameters after intervention are 
presented as follows.  P value is taken as < 0.05 is taken to be significant.  
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Table 5 : Parameters analysed 
No CATEGORY PARAMETER UNIT 
1 
FIELD TESTS 
TTEST Seconds 
2 ILLINOIS TEST Seconds 
3 30 MT SPRINT Seconds 
4 MAXIMUM 
VOLUNTARY 
CONTRACTION 
FLEXION ( CONTRACTION OF HAMSTRINGS) Kilograms 
5 EXTENSION ( CONTRACTION OF QUADRICEPS) Kilograms 
6 
TENDON TAP 
LATENCY OF RECIPROCAL INHIBITION IN BICEPS 
FEMORIS (HAMSTRINGS) 
miliseconds 
7 
AMPLITUDE OF RECIPROCAL INHIBITION IN BICEPS 
FEMORIS (HAMSTRINGS) 
milivolts 
8 
MECHANICAL 
FLESION 
STRETCH 
LATENCY OF RECIPROCAL INHIBITION IN BICEPS 
FEMORIS (HAMSTRINGS) 
miliseconds 
9 
AMPLITUDE OF RECIPROCAL INHIBITION IN BICEPS 
FEMORIS (HAMSTRINGS) 
milivolts 
10 
LATENCY OF RECIPROCAL INHIBITION IN 
SEMITENDINOSUS (HAMSTRINGS) 
miliseconds 
11 
AMPLITUDE OF RECIPROCAL INHIBITION IN 
SEMITENDINOSUS (HAMSTRINGS) 
milivolts 
  
86 
 
Field test Data: 
There were no statistically significant differences between the intervention and 
control group in the change in results of the T-test , Illinois test or 30 meter sprint 
timing (p = 0.274, 0.762 & 0.274 respectively) post intervention as compared with 
pre intervention as seen in Figure 29, Figure 30, Figure 31 respectively . 
 
 
Figure 29: T-Test changes timings post intervention/control 
 
  Plyometric group ( n =8) Control group ( n =10) 
P value 
  Median IQR Median IQR 
TTEST 1.36 (0.7875,2.0925) 0.93 (0.01,1.2925) 0.274 
0
0.5
1
1.5
2
2.5
3
3.5
Median Median
Plyometric group ( n =8) Control group ( n =10)
CHANGE IN TTEST (sec)
p = 0.274
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ILLINOIS 
TEST 
(sec) 
Plyometric group ( n =8) Control group ( n =10) 
P value 
Median IQR Median IQR 
1.005 
(-0.0775, 
1.89) 
0.82 
(0.0975, 
1.42) 
 0.274 
 
 
 
0
0.5
1
1.5
2
2.5
3
3.5
Median Median
Plyometric group ( n =8) Control group ( n =10)
ILLINOIS TEST (sec) p = 0.274
Figure 30: Illinois test timings post intervention/control 
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30 M 
sprint 
(sec) 
Plyometric group ( n =8) Control group ( n =10) 
 
P 
value 
Median IQR Median IQR  
0.24 (0.1025,0.5475) 0.08 (-0.005, 0.4325) 0.274 
N=10 N=8 
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
Median Median
Plyometric group ( n =8) Control group ( n =10)
30 M sprint (sec) p = 0.274
Figure 31: 30 meter sprint timings post intervention/control 
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Maximum voluntary contraction: 
The maximum voluntary contraction of the Hamstrings (flexion) and the 
quadriceps (extension) did not show any significant change (p = 0.689, 0.776). (  
Figure 32 &).  
 
Maximum 
voluntary 
contraction 
of the 
hamstrings 
(FLEXION) 
(Kg) 
Plyometric group ( n =6) Control group ( n =9) 
P value 
Median IQR Median IQR 
-29.8355 (-62.3141,8.8437) -28.2678 
(-48.494, 
5.6288) 
0.0.689 
-80
-70
-60
-50
-40
-30
-20
-10
0
10
20
Median Median
Plyometric group ( n =6) Control group ( n =9)
K
g
Maximum voluntary contraction of the hamstrings 
(FLEXION) (kg) p = 0.0689
  Figure 32:  Changes in maximum voluntary contraction of the 
hamstrings: Flexion 
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Maximum 
voluntary 
contraction 
of the 
quadriceps 
(EXTENSION) 
(Kg ) 
Plyometric group ( n =8) Control group ( n =10)  
p value 
Median IQR Median IQR 
-11.8144 
(-43.5008, 
23.252) 
0.8952 
(-32.267, 
30.1272) 
0.776 
-15
-10
-5
0
5
10
15
20
25
30
35
Median Median
Plyometric group ( n =6) Control group ( n =9)
Maximum voluntary contraction of the quadriceps 
(EXTENSION) (Kg ) p = 0.776
Figure 33: Changes in maximum voluntary contraction of the quadriceps: 
Extension. 
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Data from the Biceps Femoris (hamstrings) with Tendon tap: 
 
 
 
LATENCY OF 
RECIPROCAL 
INHIBITION IN 
BICEPS 
FEMORIS 
(HAMSTRINGS) 
WITH TENDON 
TAP (ms) 
Plyometric group ( n =7) Control group ( n =9)   
p value 
Median IQR Median IQR 
-27 
(-50, 
23) 
-8 
(-62, 
30.1272) 
0.47 
 
 
 
 
 
-40
-30
-20
-10
0
10
20
30
40
50
60
Median Median
Plyometric group ( n =7) Control group ( n =9)
LATENCY OF RECIPROCAL INHIBITION IN BICEPS FEMORIS 
(HAMSTRINGS) WITH TENDON TAP (ms) p = 0.47
Figure 34: Changes in latency of reciprocal inhibition in Biceps Femoris 
(hamstrings) with tendon tap. 
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AMPLITUDE 
OF 
RECIPROCAL 
INHIBITION IN 
BICEPS 
FEMORIS 
(HAMSTRINGS) 
WITH TENDON 
TAP (mV) 
Plyometric group ( n =5) Control group ( n =6) 
p value 
Median IQR Median IQR 
5.89 
(-21.49, 
23.15) 
26.74 
(8.80, 
52.35) 
0.052 
 
 
 
-10
0
10
20
30
40
50
60
70
80
90
Median Median
Plyometric group ( n =5) Control group ( n =6)
AMPLITUDE OF RECIPROCAL INHIBITION IN BICEPS FEMORIS 
(HAMSTRINGS) WITH TENDON TAP (mV)
p = 0.052
Figure 35: Changes in amplitude of reciprocal inhibition in biceps 
Femoris (hamstrings) with tendon tap. 
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Data from the Biceps Femoris (hamstrings) with Mechanical Flexion 
Stretch: 
 
 
LATENCY OF 
RECIPROCAL 
INHIBITION IN 
BICEPS 
FEMORIS 
(HAMSTRINGS) 
WITH 
MECHANICAL 
FLEXION 
STRETCH 
(ms) 
Plyometric group ( n =5) Control group ( n =6) p value 
Median IQR Median IQR  
6 
(-34, 
20.5) 
-2 
(-18, 
41.5) 
0.429 
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0
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20
30
40
50
Median Median
Plyometric group ( n =5) Control group ( n =6)
LATENCY OF RECIPROCAL INHIBITION IN BICEPS FEMORIS 
(HAMSTRINGS) WITH MECHANICAL FLEXION STRETCH (ms)
p = 0.429
Figure 36: Changes in latency of reciprocal inhibition in biceps femoris 
(hamstrings) with mechanical flexion stretch 
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AMPLITUDE 
OF 
RECIPROCAL 
INHIBITION IN 
BICEPS 
FEMORIS 
(HAMSTRINGS) 
WITH 
MECHANICAL 
FLEXION 
STRETCH 
(mV) 
Plyometric group ( n =4) Control group ( n =6) p 
value 
  Median IQR Median IQR 
-8.5208 
(-32.6478, 
29.7349) 
5.0346 
(-10.7502, 
36.9467) 
0.476 
-20
-10
0
10
20
30
40
50
Median Median
Plyometric group ( n =4) Control group ( n =6)
AMPLITUDE OF RECIPROCAL INHIBITION IN BICEPS FEMORIS 
(HAMSTRINGS) WITH MECHANICAL FLEXION STRETCH (mV)
p = 0.476
Figure 37: Changes in amplitude of reciprocal inhibition in biceps femoris 
(hamstrings) with mechanical flexion stretch 
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Data from the Semitendinosus (hamstrings) with Mechanical Flexion 
Stretch: 
  
 
 
 
LATENCY OF 
RECIPROCAL 
INHIBITION IN 
SEMITENDINOSUS 
(HAMSTRINGS) 
WITH MECHANICAL 
FLEXION STRETCH 
(ms) 
Plyometric group ( n =6) Control group ( n =8) 
p value 
  
Median IQR Median IQR 
-15 
(-49.5, 
42) 
-9 
(-47, 
16.25) 
0.755 
 
 
 
N=5 N=6 
-20
-10
0
10
20
30
40
50
Median Median
Plyometric group ( n =6) Control group ( n =8)
LATENCY OF RECIPROCAL INHIBITION IN SEMITENDINOSUS 
(HAMSTRINGS) WITH MECHANICAL FLEXION STRETCH (ms)
p = 0.755
Figure 38: Changes in latency of reciprocal inhibition in semitendinosus 
(hamstrings) with mechanical flexion stretch (mv) 
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AMPLITUDE OF 
RECIPROCAL 
INHIBITION IN 
SEMITENDINOSUS 
(HAMSTRINGS) 
WITH 
MECHANICAL 
FLEXION STRETCH 
(mV) 
Plyometric group ( n =3) Control group ( n =5) p 
value 
  Median IQR 75 Median IQR 
-26.2057 
-34.9182 
. 
-
33.9874 
-40.1828 
-16.0387 
0.571 
  
-60
-50
-40
-30
-20
-10
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20
Median Median
Plyometric group ( n =3) Control group ( n =5)
AMPLITUDE OF RECIPROCAL INHIBITION IN SEMITENDINOSUS 
(HAMSTRINGS) WITH MECHANICAL FLEXION STRETCH (mV)
p = 0.571
Figure 39: Changes in latency of reciprocal inhibition in semitendinosus 
(hamstrings) with mechanical flexion stretch (mv) 
 
 
97 
 
No statistically significant difference was seen in the change in latencies or 
amplitudes of reciprocal inhibition in the hamstring muscle group between the 
intervention and control groups after the 12 episodes of intervention/ control 
exercises. 
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DISCUSSION 
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Discussion  
Our primary objective was to design and develop a system to elicit and record the 
stretch reflex and reciprocal inhibition in the hamstring muscle by mechanically 
stretching the quadriceps muscle. We used this method to assess the physiological 
changes produced in hamstring muscles, by a short term plyometric exercise 
training program. 
Traditionally spinal reflexes mediated by the muscle spindle have been studied by 
using electrical stimulation of afferents or by stretching the agonist muscle by 
administering a tendon tap. Both these methods have been used extensively and 
are very robust. However they have their limitations. 
Electrical stimulation does not give much information about the muscle spindle 
and its behaviour. It involves stimulation of a sensorimotor nerve (nerve that has 
both sensory and motor components) which causes both sensory stimulation as 
well as anterograde direct motor stimulation. The direct stimulation of the muscle 
will cause the M wave which has a very short latency and is very large in amplitude 
and width and therefore masks any other waveforms including the H wave (The H 
reflex is the electrically stimulated equivalent of the myotactic reflex). Therefore 
the stimulus has to be tailored for each individual so as to get the optimum 
amplitude of H wave with as minimal M wave as possible. Electrical stimulation 
also causes a stimulation artefact and if this artefact is long in duration then it can 
mask the desired H wave.  
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On the other hand there are schools of thought that argue that velocities of stretch 
of the agonist that occur with the tendon tap are not physiological (23,25). 
Furthermore with neither of these methods quantify the actual stretch of the muscle 
whose muscle spindle outputs are being studied.  
With the mechanical flexion stretch, the velocity of stretch as well as the 
magnitude of stretch of the agonist can be quantified. The goniometer of the setup 
gives the angular displacement of the leg. From the angular displacement, the 
linear displacement of the leg was calculated using the tibial length and this is a 
reflexion of the amount the muscle spindle has been stretched. This enabled us to 
plot the exact physiological responses of the muscle spindle using this setup. The 
spinal reflexes were also studied under varying degrees of force generation i.e. 
contraction in the muscle.   
This mechanical flexion stretch has some drawbacks, such as since the muscle is 
being stretched from rest, it is uncertain at what point during the flexion of the 
knee the spindles in the quadriceps reaches threshold for activation of the IA 
afferents. Therefore an absolute latency of the stretch reflex is difficult to ascertain. 
However the angular displacement curve and the calculated linear displacement 
curve gives us information about the velocities as well as the magnitude of stretch 
of the quadriceps that causes the activation of the stretch reflex. 
This opens up further options to study the responses of peripheral reflexes with 
physiological stretches in patients post knee surgeries or post knee injury as well 
as in other peripheral neuromuscular diseases.  It will also give information that 
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can be used in the planning of specific rehabilitation programs such as programs 
to improve proprioception in the knee joint post Anterior cruciate ligament 
reconstruction. 
Using modifications of this method may also be applied to study various models 
of spasticity in spinal cord injury patients , neuro muscular disorders, 
developmental diseases like cerebral palsy that have neuro muscular components 
such as spasticity, hypertonicity etc. 
 The myotactic reflex with a Patellar tendon tap has a latency of 19-24ms (2).  The 
amount of improvement that will be possible is in the order of a few milliseconds. 
For this reason we had calculated a sample size of 30 in each arm. With the 
numbers that are presented in this study, we have not been able to show a 
statistically significant difference of the latency and amplitude of reciprocal 
inhibition produced by plyometrics. 
The coordination of the spinal circuits and spinally mediated reflexes are the basis 
of smooth coordinated complex motor activity. Whenever there is a loss in 
coordination, it in results in a spectrum of problems ranging from tremors to 
spasticity(7,9,56–60). Plyometric exercises are known to have their effects by 
stimulating the stretch reflex. There are a also data showing trainability of spinal 
circuits (reciprocal inhibition) even with simple alternating movements as shown 
by Floeter et al (2013) (14).   
Plyometrics has been used extensively in improving explosive performance in 
elite athletes for many decades. However though there are a lot of studies 
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showing the benefits of plyometrics (22,31,34,53,61,62),  there are not many 
studies discussing their usefulness in prevention and therapy of injuries, 
postoperative rehabilitation. Plyometrics are potentially a very promising type 
of exercises for injury prevention in elite athletes, as part of rehabilitation 
protocols for injuries, as part of rehabilitation protocol for postoperative knee 
ligament reconstruction surgeries, as well as protocol for improving tone in 
patients with spasticity and other forms of hyperreflexia. Our study hoped to 
look at the physiological changes produced by plyometrics exercises on spinal 
reflexes and in performance in naïve male college students. We hoped that the 
findings of the study would find application in prevention as well as therapy of 
sports related injuries. 
The development, construction and standardisation of the equipment took a 
significant amount of time so as to ensure a robust, reliable system that gives 
repeatable results. This along with the constraints of recruitment limited us to 
the number of subjects in this thesis. However recruitment and testing is 
ongoing and we hope be able to contribute to the existing knowledge with the 
results of this study. 
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LIMITATIONS 
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Limitations 
The obvious limitations of this study is the lack of adequate numbers of subjects 
in the intervention and control group to comment either way, on the results of 
statistical analysis. . We are continuing the study to achieve the projected sample 
size. 
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CONCLUSIONS 
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Conclusions: 
We have designed a setup to physiologically stretch the quadriceps muscle to elicit 
various spinal reflexes such as myotactic reflex and reciprocal inhibition. This 
method allows quantification of the extent and velocity of stretch of quadriceps 
muscle and allows quantification of myotactic reflex and reciprocal inhibition from 
EMG data. This setup can be used for a deeper understanding of the behaviour of 
the muscle spindle and its related spinal circuits. 
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2. Patient Information sheet 
Our study is aimed at understanding the neuromuscular changes that occur with 
plyometric training. Plyometrics are a relatively new set of exercise regimes that 
are designed on the concept of overloading the muscle in an eccentric or 
lengthening contraction followed immediately by a concentric or shortening 
contraction. Since the receptor for reciprocal inhibition is the muscle spindle which 
is what is being activated in the plyometric exercises, we postulate that plyometric 
exercises can significantly improve the intensity and latency of reciprocal 
inhibition. Reciprocal Inhibition is a protective reflex that causes reflex 
relaxation of the antagonist muscle on sudden stretch of the agonist muscle.  
There is very limited data of exercise physiology from an Indian population. This study 
will give insights into some of the variations of the Indian population with exercise.  
You will not be at any added risk by enrolling in this study. We will be using surface EMG 
to study the reciprocal inhibition while giving a mechanical and electrical stimulation. 
The mechanical stimulus will be a sudden brief stretch to the quadriceps (muscles on the 
front of thigh). 
What are the steps in the study? 
Each participant will be pre tested for intensity and latency of reciprocal inhibition, 
muscle strength, acceleration and agility followed by a two week conditioning program. 
This will consist of aerobic exercises thrice a week for the two weeks. Then each 
participant will be randomized into either an intervention group or a control group. The 
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intervention group will undergo twelve sessions of plyometric training. These will be 
conducted by the primary investigator (PI) twice a week for the six week duration. The 
control group will undergo twelve sessions of aerobic exercises. After the six week 
program, the post-testing of the same parameters will be performed. 
 How is reciprocal inhibition protective? 
During complex motor movements, it is essential for all the muscles surrounding the joint 
coordinate perfectly. Any disruption of coordination can result in an improper movement 
or more seriously injury to the muscles or ligaments around the joint in question. This is 
especially relevant around joints such as the knee where the muscles acting around it are 
very powerful and small mismatches in coordination can easily cause injury. 
Does mechanical and electrical stimulation have any side effects? 
There are no known side effects for either of these methods and these methods have been 
in use for many years. The electrical stimulus is a very low intensity will felt as a mild 
tingling sensation. 
What are the steps in the study? 
Each participant will be pre tested for intensity and latency of reciprocal inhibition, 
muscle strength, acceleration and agility followed by a two week conditioning program. 
This will consist of aerobic exercises thrice a week for the two weeks. Then each 
participant will be randomized into either an intervention group or a control group. The 
intervention group will undergo twelve sessions of plyometric training. These will be 
conducted by the primary investigator (PI) twice a week for the six week duration. The 
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control group will undergo twelve sessions of aerobic exercises. After the six week 
program, the post-testing of the same parameters will be performed. 
Can you withdraw from this study after it starts? 
Your participation in this study is entirely voluntary and you are free to decide to withdraw 
your child from this study at any time.  
What will happen if I develops any study related injury? 
We do not expect any injury to to occur, but if you develop any side effects or problems 
due to the study, these will be treated at no cost to you.  
Will your personal details be kept confidential? 
The results of this study will be published in a medical journal but you will not be 
identified by name in any publication or presentation of results. However, the data 
collected with no personal identifiers may be reviewed by people associated with the 
study, without your additional permission, should you decide to participate in this study.  
If you have any further questions, please contact: 
Dr. Anandit Mathew Department of Physiology Christian Medical College, Vellore  
Ph 04216-2284268. 
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3. CONSENT FORM 
Participant’s name:    Study Number:    
Participant’s Father’s/Mother’s/ legal guardian’s name: 
Date of Birth / Age (in years): 
I ________________________________son/daughter of ____________________  
(Please tick boxes) 
Declare that I have/been read to the information sheet provide to me regarding this study 
and have clarified any doubts that I had. [        ] 
 I also understand that my participation in this study is entirely voluntary and that 
I am free to withdraw at any time [   ] 
 I also understand that neither I, nor the investigators, will have any choice if I will 
be in the intervention or control group [  ]  
 I understand that the study staff and institutional ethics committee members will 
not need my permission to look at my data even if I withdraw from the study. I 
agree to this access [  ]  
 I understand that my  identity will not be revealed in any information released to 
third parties or published [  ]  
 I voluntarily agree to take part in this study [  ] 
Signature of the Participant: ________________________Date: _____/_____/______ 
Signatory’s Name: _________________________________________________ 
Signature of the Investigator: ________________________ Date: _____/_____/______ 
Study Investigator’s Name:  
Signature of the Witness: ________________ Date:_____/_____/_______ 
Name of the Witness: _______________________________________________ 
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4. Pre recruitment questionnaire: EPAQ2. 
 AVERAGE TIME you spent on each activity. 
 
 
 
 
 
 
Number of times you did the 
 Average time 
per 
 activity in the last 3 months  episode 
None Less Once 2 to 3 Once 2 to 3 4 to 5 6 times  Hours Mins 
  than a times a times times a week    
  once a month a week a a or    
  month  month  week week more    
Swimming            
Backpacking or 
mountain climbing 
           
Walking for pleasure 
— you should not include 
walking as a means of 
transportation  
           
Cycling  
— you should not include 
cycling as a means of 
transportation 
           
High impact aerobics 
or step aerobics 
           
Other types of aerobics            
Exercises with weights –
Upper limb 
           
Exercises with weights –
Lower limb 
           
Conditioning exercises 
e.g. using an exercise bike or 
treadmill 
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Pre recruitment questionnaire. 
 AVERAGE TIME you spent on each activity. 
 You have finished the questionnaire — Thank you 
 
Number of times you did the 
 
Average 
time per 
 activity in the last 3 months  episode 
None Less Once 2 to 3 Once 2 to 3 4 to 5 
6 
times 
 
Hours Mins 
  than a times a times times a 
week 
   
  once a month a week a a or    
  month  month  week week more    
Swimming            
Backpacking or 
mountain 
climbing 
           
Walking for 
pleasure 
— you should not 
include walking as a 
means of 
transportation  
           
Cycling  
— you should not 
include cycling as a 
means of 
transportation 
           
High impact 
aerobics or step 
aerobics 
           
Other types of 
aerobics 
           
Exercises with 
weights –Upper 
limb 
           
Exercises with 
weights –Lower 
limb 
           
Conditioning 
exercises 
e.g. using an exercise 
bike or treadmill 
           
Hockey  
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5. PARQ: Physical Activity Readiness questionaire 
Name ________________________   Study No____________________         
 
 
 
